In this study, we cloned and sequenced PCR products from S-RNase alleles of 12 cultivars to determine their SRNase genotypes or S haplotypes. We identified a novel S 11 -RNase, which was previously misidentified as S 6 -RNase. In addition, the first and second intron sizes of S 1 -to S 11 -, and S f -RNases were presented. Since differences among the second intron sizes of S 3 -, S 9 -, and S 10 -RNases, as well as those among S 5 -, S 6 -, and S 11 -RNases, appeared to be very small, we developed primer sets for allele-specific PCR amplification to distinguish these S-RNase alleles. Consequently, 12 S-RNase alleles could be distinguished by PCR amplification using consensus primers for the second intron and/or the allele-specific primer sets. Using these PCR amplification, we determined SRNase genotypes of 14 cultivars, including 'Kagajizo' (S 6 S 10 ), 'Baigo' (S 6 S 10 ), and 'Orihime' (S 11 S f ), whose SRNase genotypes have been updated. The DNA sequence information for S-RNases and the allele-specific primer sets developed in this study would be useful for future S-RNase genotyping and thus S haplotyping in Japanese apricot.
Introduction
Self-incompatibility is a widespread mechanism in flowering plants which prevents inbreeding and promotes out-crossing. Although there are several different mechanisms of self-incompatibility, Prunus in Rosaceae, which includes many major fruit tree species in Japan, exhibits S-RNase-based gametophytic selfincompatibility (GSI). This type of GSI is controlled by a single polymorphic locus (S locus) containing the pistil determinant S-RNase gene (S-ribonuclease gene) and the pollen determinant SFB/SLF gene (S haplotype-specific F-box gene/S locus F-box gene) (Entani et al., 2003; Ushijima et al., 2003 Ushijima et al., , 2004 Yamane et al., 2003) . Recently, variants of the S locus defined by the combination of S-RNase and SFB/SLF have been called S haplotypes.
Japanese apricot (Prunus mume Sieb. et Zucc.) is a major commercial fruit tree in Japan and exhibits SRNase-based GSI, as do other self-incompatible rosaceous fruit trees (Miyake et al., 1995; Yaegaki et al., 2001) . Although both self-incompatible and selfcompatible cultivars are grown commercially in Japan, most of the major commercial cultivars are selfincompatible. When self-incompatible cultivars are grown commercially, compatible cultivars that flower simultaneously are planted together to ensure fruit set. Thus, information about S genotypes or S haplotypes of Japanese apricot cultivars is very important for orchard establishment as well as for breeding programs.
S genotypes or S haplotypes are conventionally determined by controlled pollination and pollen tube growth tests; however, these methods require a lot of labor and time, and are prone to be influenced by environmental conditions. Furthermore, the methods can be applied only to adult plants during the flowering period. Since Prunus S-RNase and SFB/SLF have been cloned, PCR-based methods to determine S genotypes have been developed in various Prunus species. As pistil S and pollen S are very tightly linked to each other, either could usually represent their S haplotypes. The use of molecular markers has made it possible to type S haplotypes regardless of the time of year and the age of plants, leading to the discovery of many new S haplotypes and cross incompatibility groups in selfincompatible fruit tree species in Prunus, such as sweet cherry (P. avium L.) (Sonneveld et al., 2003; Tao et al., 1999; Wiersma et al., 2001) , almond (P. dulcis (Mill.) D.A. Webb) (Channuntapipat et al., 2003; Tamura et al., 2000) , Japanese plum (P. salicina L.) (Beppu et al., 2002 (Beppu et al., , 2003 and apricot (P. armeniaca L.) (Vilanova et al., 2005) .
In Japanese apricot, S f haplotype, which is commonly found in self-compatible cultivars, was identified by PCR-based methods and DNA gel blot analysis . Later, S 1 to S 7 haplotypes were identified by Yaegaki et al. (2001) , and S 8 haplotype was identified by PCR-based methods (Tao et al., 2002a) ; however, DNA gel blot analysis revealed that the PCR band that had been thought to represent a single S 3 haplotype appeared to be represent three different S haplotypes . Thus, the numbering of S 3 haplotypes of 'Kairyo-Uchidaume' was left as previously determined, whereas a novel S haplotype of 'Rinsyu' was renamed S 9 and another novel S haplotype of 'Shinheidayu' and 'Jizo-Ume' was renamed S
10
. There is further confusion in the numbering system of S haplotypes of Japanese apricot. Namely, two different S haplotypes were given the same number of S 9 . Entani et al. (2003) identified S 9 haplotype from 'Bungo' at around the same time as Tao et al. (2003) identified S 9 haplotype. Since it appeared that S 9 in Entani et al. (2003) and Tao et al. (2003) were different, Ikeda et al. (2004) named the S 9 haplotype identified by Entani et al. (2003) the S 9b haplotype. In this study, we use the nomenclature by Ikeda et al. (2004) .
Taken together, S 1 to S 10 , S
9b
, and S f haplotypes have been identified so far in Japanese apricot. In addition, partial or full-length coding sequence information for S 1 -, S 2 -, S 3 -, S 7 -, S 9b -, and S f -RNases have also been reported (Entani et al., 2003; Tao et al., 2002b; Yaegaki et al., 2001) ; however, DNA sequence information for
-, S 8 -, S 9 -, and S 10 -RNases is yet to be available. Thus, it is still unclear whether the S haplotypes determined only by PCR with consensus primers were accurate because PCR products from different S-RNase alleles are occasionally found of the same size.
This study cloned and sequenced S-RNase alleles from 12 Japanese apricot cultivars, leading to the discovery of a novel S 11 -RNase allele in 'Orihime' (S 11 S f ), which was previously mislabeled as S 6 S f (Tao et al., 2002a) . Furthermore, information about the first and second intron sizes of S 1 -to S 11 -RNases as well as that of S fRNase is presented in this study. In addition, allelespecific PCR primer sets for S-RNase alleles that have only slight differences in the second intron size were designed based on DNA sequence information. By using allele-specific primer sets, we have renumbered S haplotypes of 'Kagajizo' (S 6 S 10 ) and 'Baigo' (S 6 S 10 ), both of which were previously numbered S 3 S 6 (Yaegaki et al., 2001 ). The DNA sequence information for S-RNases and the allele-specific primer sets developed in this study would be useful for future S-RNase genotyping and thus S haplotyping in Japanese apricot.
Materials and Methods

Plant materials
Fourteen Japanese apricot cultivars 'Nanko' (
, and 'Orihime' (S 6 S f ) were used in this study. Young leaves of the 14 cultivars were sampled and stored at −80°C until used.
DNA extraction and PCR
Total DNAs were extracted from young leaves of the 14 cultivars by the cetyl trimethyl ammonium bromide (CTAB) method as described by Doyle and Doyle (1987) . For the identification of S-RNase genotypes of each cultivar, PCR was carried out using a Prunus SRNase consensus primer pair, Pru-C2 (Tao et al., 1999) and PCE-R (Yamane et al., 2001) , which were designed from the second and third conserved regions of Prunus S-RNases, respectively ( Fig. 1 and Table 1 ). The PCR reaction mixture contained 10 mM of Tris-HCl (pH 8.3), 50 mM of KCl, 1.5 mM of MgCl 2 , 200 μM each of dNTPs, 400 nM of each primer, 20 ng of template DNA, and 1U of TaKaRa Ex Taq polymerase (Takara Bio. Inc., Shiga, Japan) in a 25-μL reaction volume. PCR reaction conditions were initial denaturation at 94°C for 2 min, followed by 5 cycles of 94°C for 30 s, 60°C for 1 min with a reduction in annealing temperature of 1°C per cycle, and 72°C for 2 min, then 25 cycles of 94°C for 30 s, 55°C for 1 min, 72°C for 2 min, and a final extension of 72°C for 5 min. PCR products were separated on 1.5% Tris-Borate-EDTA (TBE) agarose gels and visualized by staining with ethidium bromide. The PCR products from all S-RNase alleles, except for S
'Jizo-Ume', 'Ryukyo-Koume', 'Hachiro', 'Benisashi', and 'Orihime'), were then purified by MonoFAS DNA Purification Kit (GL Science Inc., Tokyo, Japan). The purified fragments was cloned into pT7-Blue vector (Novagen, Darmstadt, Germany) using the DNA Ligation Kit (Takara Bio. Inc.) following the manufacturer's instructions. DNA sequencing of these clones was determined using CEQ8000 (Beckman Coulter Inc., Fullerton, CA, USA) following the manufacturer's manuals. The obtained sequences were analyzed using GENETYX ver. 8 software (Genetyx Corp., Tokyo, Japan) . To further analyze the S-RNase gene structure, S 1 -and S 5 -RNases of 'Ousyuku', S 2 -and S 6 -RNases of 'Gyokuei', S 3 -and S 4 -RNases of 'KairyoUchidaume', S 10 -RNase of 'Jizo-Ume', and S
11
-RNase of 'Orihime' (referred to in Results and Discussion) were PCR amplified by the Prunus S-RNase consensus primer pair, SRc-F (Vilanova et al., 2005) and EM-PC5consRD (Sutherland et al., 2004) , which were designed from the signal peptide and the fifth conserved region of Prunus S-RNases, respectively ( Fig. 1 and Table 1) ; however, S 7 -, S 8 -, and S 9 -RNases could not be amplified by SRc-F and EM-PC5consRD. Thus, S 7 -RNase of 'Nanko', S 8 -RNase of 'Ryukyo-Koume', and S 9 -RNase of 'Rinsyu' were amplified by SRc-F and PM-C5. PM-C5 was designed from the consensus sequence of the fifth conserved region of the other seven Japanese apricot SRNases in this study ( Fig. 1 and Table 1 ). The obtained PCR products were cloned and sequenced as described above. Sequences were aligned using ClustalX (Thompson et al., 1997) . Homology searches were performed using BLASTN program (Altschul et al., 1997) .
Primer designs for allele-specific PCR
Primer sets for the allele-specific PCR amplification of S 3 -, S 5 -, S 6 -, S 9 -, S 10 -, and S 11 -RNases were designed from DNA sequences of the hypervariable region and the second intron using GENETYX ver. 8 software (Table 3) . PCR reaction conditions were initial denatur- Pru-C2 5'-CTATGGCCAAGTAATTATTCAAACC-3' Tao et al., 1999 PM-C5 5'-CATAATACCACTTCATGTAA-3' This study Table 3 . Nucleotide sequences of allele-specific primers.
S-RNase allele Primer Nucleotide sequence Size of PCR products (bp) 
Results and Discussion
PCR amplification and identification of S-genotypes Genomic DNAs of 14 Japanese apricot cultivars whose S-RNase genotypes were described in previous studies (Tao et al., 2002a Yaegaki et al., 2001) were PCR amplified using the Pru-C2 and PCE-R primer set (Fig. 2) . Although extra fragments were detected in cultivars with S 2 -, S 5 -, or S 7 -RNases, other PCR products corresponding to S 1 -to S 10 -RNases and S f -RNase were obtained as previously reported (Tao et al., 2002a Yaegaki et al., 2001) (Fig. 2) . As with cultivars with S 2 -, S 5 -, or S 7 -RNases, amplification of extra fragments were also reported in S 5 -and S 13 -RNases of sweet cherry (Sonneveld et al., 2003) , and S 1 -and S c -RNases of apricot (Vilanova et al., 2005) . These authors suggested that extra fragments may be artifacts resulting from the DNA secondary structure that could be related to the presence of the microsatellite (TA) n within the introns. Interestingly, we found (CT) 9 and (TA) 10 in the second introns of S 5 -and S 7 -RNases, respectively (Fig. 3) , while no such microsatellite sequence was found in the intron sequences of other S-RNases, including S 2 -RNase (GenBank accession number; AB364462 to AB364472); therefore, extra fragments of S 5 -or S 7 -RNase may be due to microsatellites but it is unclear why the extra fragment is observed with S 2 -RNase, which contains no microsatellite.
All PCR products corresponding to S 1 -to S 10 -RNases, except for S f -RNase of the 12 cultivars used in Tao et al. (2002a , were cloned and sequenced, while the other two cultivars, 'Kagajizo' and 'Baigo', used in Yaegaki et al. (2001) , were not used for cloning but the S-RNase genotypes of these cultivars were analyzed by S-RNase allele-specific PCR. It appeared that the PCR products assigned to S 1 -RNase in 'Gessekai', 'Nanko', and 'Ousyuku' and S 7 -RNase in 'Benisashi' and 'Nanko' were exactly the same as the previously reported S 1 -and S 7 -RNases of 'Nanko', respectively (Tao et al., 2002b; Yaegaki et al., 2001) . As expected, DNA sequences of PCR products from S 2 -RNase in 'Gyokuei' and S
3
-RNase in 'Kairyo-Uchidaume' were exactly the same as previously reported (Yaegaki et al., 2001) . DNA sequences of PCR products from S 4 -RNase in 'KairyoUchidaume', S 5 -RNase in 'Ousyuku' and S 9 -RNase in 'Rinsyu' were determined for the first time in this study. Their DNA sequences appeared to be different from each other and from the other previously sequenced S-RNase alleles in Japanese apricot. Thus, it has been confirmed that their nomenclature is appropriate. DNA sequences of PCR products from S 8 -RNase in 'Ryukyo-Koume' and 'Hachiro', as well as those from S 10 -RNase in 'Shinheidayu' and 'Jizo-Ume', were exactly the same, and different from the other Japanese apricot S-RNase alleles, and thus their nomenclature is also appropriate. However, there was a sequence difference between the S 6 -RNase of 'Gessekai', 'Gyokuei', and 'Orihime'. Although S 6 -RNase of 'Gessekai' and 'Gyokuei' had the same DNA sequences, S 6 -RNase of these cultivars appeared to be different from the S 6 -RNase of 'Orihime'. This indicated that two different S-RNase alleles were previously mislabeled with the same numbering. Thus, we have left the numbering of S 6 -RNase of 'Gessekai' and 'Gyokuei' as it is but renamed S 6 -RNase of 'Orihime' as S 11 -RNase.
Sizes of the first and second introns of S-RNases
All Prunus S-RNases reported so far contained two introns. The first intron is inserted at the junction between the signal peptide and the mature protein, and the second intron is inserted within the hypervariable region (RHV). Length polymorphism of the intron has been effectively used to type S-RNase genotypes or S haplotypes in Prunus. In order to catalog the intron sizes of Japanese apricot S-RNases, we cloned PCR products of almost full-length sequences of S-RNases that contained the first and second introns by SRc-F and EM-PC5consRD, which were designed from the signal peptide and the fifth conserved region of Prunus S-RNases, respectively. Except for S 7 -, S 8 -, and S 9 -RNases, all S-RNase alleles could be amplified by the primer set and found to contain two introns as other Prunus S-RNases. Since no amplification by SRc-F and EM-PC5consRD was observed for S 7 -, S 8 -, and S 9 -RNases, we designed the primer PM-C5 from the sequences of the fifth conserved region of the other seven Japanese apricot S-RNases. Consequently, we could amplify S 7 -, S 8 -, and S 9 -RNases by SRc-F and PM-C5 and could determine their intron sizes.
It appeared that in all Japanese apricot, the intron/ exon splice junctions conserved the GT/AG consensus sequences and the introns had a high AT content (65.4-77.7%), as found in most higher plants (Simpson and Filipowicz, 1996) . The sizes of the first and second intron ranged from 206 to 331 bp and from 133 to 1671 bp, respectively ( Table 2 ). The deduced amino acid sequences of S-RNases contained five conserved regions (C1, C2, C3, RC4, and C5) of Prunus S-RNases (Fig. 4) . Furthermore, the hypervariable region (RHV), which has been proposed to be involved in conferring S haplotype specificity of S-RNase, differed among all 12 S-RNase alleles. BLASTN search showed that S 4 , S 5 , S 9 , S 10 , and S 11 -RNases, which were newly sequenced in this study, corresponded to PMSRN-5 (AF432849), PMSRN-6 (AF432852), PMSRN-4 (AF432848), S 9b -RNase (AB092646), and PMSRN-7 (AF432850), respectively. PMSRN-4, 5, 6, and 7 were identified from Japanese or Korean ornamental cultivars of Japanese apricot (Kim et al., unpublished data) and S 9b -RNase was identified from 'Bungo' (Entani et al., 2003) , which is a Japanese fruit cultivar supposedly derived from an interspecific hybrid of Japanese apricot and apricot (Kikuchi, 1948) . S-RNase sequences described in this study contained more information than the previously reported sequences in both N-terminus and C-terminus regions, which include the signal peptide, the first intron, RC4 and C5 regions. As these regions are all important for S genotyping, the information would be useful for further work.
Japanese apricot S 4 -, S 8 -, S 10 -, and S
11
-RNases were shown to be almost identical to S 10 -RNase of almond (AF454003), S 20 -RNase of apricot (EF160078), S 46 -RNase of Prunus spinosa L. (AY847142), and S g -RNase of Japanese plum (AB093131), respectively, with identity values of more than 95%. Such inter-specific commonality of S-RNase alleles was also reported in S 1 -and S 2 -RNases of peach (P. persica (L.) Batsch), which are almost identical to S k -RNase of almond and S a -RNase of Japanese plum, respectively, (Tao et al., 2007) , and in S 1 -RNase of sweet cherry, which is identical to S 8 -RNase of P. tenella Batsch (Šurbanovski et al., 2007) . These may support the hypothesis that Prunus S-RNase evolved and diverged before speciation in Prunus (Ushijima et al., 1998) . Alternatively, S 8 -and S 11 -RNases might have been introduced to Japanese apricot from apricot and/or Japanese plum or vice versa after speciation by interspecific hybridization because Japanese apricot can cross with apricot and Japanese plum.
Allele-specific amplification
Length polymorphism of the second intron is usually utilized to type S-RNase genotypes or S haplotypes in Prunus. As it appeared that the second intron sizes of S 5 -, S 6 -, and S 11 -RNases (945 bp, 998 bp, and 1078 bp, respectively), as well as those of S 3 -, S 9 -, and S 10 -RNases (470 bp, 506 bp, and 476 bp, respectively), are quite similar, it is difficult to distinguish them by consensus primers for the second intron. Thus, allele-specific primer sets for S 3 -, S 5 -, S 6 -, S 9 -, S 10 -, and S 11 -RNases were designed from sequences of the hypervariable region and the second intron. These primer sets were specifically amplified respective S-RNase alleles (Fig. 5) . We included 'Kagajizo' and 'Baigo', which were previously S genotyped S 3 S 6 (Yaegaki et al., 2001) , in the analysis. It appeared that the S-RNase genotype of both cultivars was S 6 S 10 (Fig. 5 ).
Identification of S genotypes
As shown in Figure 2 , S 1 -, S 2 -, S 4 -, S 7 -, and S 8 -RNases could be distinguished by consensus primers. In addition, S 3 -, S 5 -, S 6 -, S 9 -, S 10 -, and S 11 -RNases could be distinguished by the allele-specific primer sets developed in this study. Furthermore, S f -RNase can also be distinguished by the allele-specific primer set . Consequently, 12 S-RNase alleles could be distinguished by PCR amplification using consensus primers for the second intron and/or allele-specific primer sets. According to sequence analyses and PCR amplification using these primer sets, we determined SRNase genotypes of 14 cultivars, as shown in the legend of Figure 2 . Among them, S-RNase genotypes of the 11 cultivars remained the same as previously determined (Tao et al., 2002a) ; however, the S-RNase genotypes of 'Orihime', 'Kagajizo', and 'Baigo', whose S-RNase genotypes were previously mislabelled as
, and S 3 S 6 , respectively (Tao et al., 2002a; Yaegaki et al., 2001) , have been updated to S 11 S f , S 6 S 10 , and S 6 S 10 , respectively. Although this mislabelling is because of the similarity of the PCR product sizes from different S-RNase alleles amplified by consensus primer sets, they could be revised by allele-specific PCR amplification. We therefore propose the following scheme for typing S-RNase genotypes or S haplotypes of self-incompatible Japanese apricot cultivars: 1) the first screening would be carried out by consensus primers for the second intron, e.g. Pru-C2 and PCE-R, and 2) the amplification with allele-specific primer sets would be carried out when PCR products for the second intron are found of the size of S 3 -, S 9 -, and S 10 -RNases or S 5 -, S 6 -, and S 11 -RNases (e.g. ≈650 bp or ≈1.2 kbp in the case of amplification with Pru-C2 and PCE-R, respectively) ( Table 2 and Fig. 6 ). However, it is possible that unidentified novel S-RNase alleles could produce PCR products of similar size to the identified S-RNase allele. In this case, DNA sequence analysis is necessary to determine of S-RNase genotypes or S haplotypes.
In conclusion, we isolated almost full-length clones for seven S-RNases and present information about the length of the first and second introns. These data would be useful not only for S genotyping or S haplotyping of Japanese apricot but also for self-incompatibility studies to elucidate the molecular basis and evolution of SRNase-based gametophytic self-incompatibility. In Japan, there are many Japanese apricot cultivars, but S haplotypes of many cultivars have yet to be determined. The information described in this study would be very useful for future work. , S 6 , S 9 , S 10 , and S
11
-RNases. Each product size is shown in 
